The generalized plane strain quasi-static thermoelastic deformations of laminated anisotropic thick plates are analyzed by using the Eshelby±Stroh formalism. The laminated plate consists of homogeneous laminae of arbitrary thicknesses. The three-dimensional equations of linear anisotropic thermoelasticity simpli®ed to the case of generalized plane strain deformations are exactly satis®ed at every point in the body. The analytical solution is in terms of an in®nite series; the continuity conditions at the interfaces and boundary conditions at the bounding surfaces are used to determine the coecients. The formulation admits dierent mechanical and thermal boundary conditions at the edges of each lamina, and is applicable to thick and thin laminated plates. Results are computed for thick laminated plates with edges either rigidly clamped, simply supported or traction-free and compared with the predictions of the classical laminated plate theory and the ®rst-order shear deformation theory. The boundary layer eect near clamped and traction-free edges is investigated. Ó
Introduction
Advanced composite materials oer numerous superior properties like high strength-to-weight ratio and nearly zero coecient of thermal expansion in the ®ber direction. Their strength and stiness can be tailored to meet stringent design requirements for high-speed aircrafts, spacecrafts and space structures. This has resulted in their extensive use in structures that are subjected to severe variations in temperature. Thermal stresses, especially at the interface between two dierent materials, often represent a signi®cant factor in the failure of laminated composite structures. Thus, there is a need to accurately predict thermal stresses in composite structures.
Thermal bending of homogeneous anisotropic thin plates has been investigated by Pell (1946) . Subsequently, Stavsky (1963) studied the thermal deformation of laminated anisotropic plates. These early International Journal of Solids and Structures 38 (2001) 1395±1414 www.elsevier.com/locate/ijsolstr studies employed the classical laminated plate theory (CLPT) that is based on the Kirchho±Love hypothesis. Wu and Tauchert (1980a,b) used the CLPT to study the thermal deformation of laminated rectangular plates. The CLPT neglects transverse shear deformation and can lead to signi®cant errors for moderately thick plates. Yang et al. (1966) and Whitney and Pagano (1970) developed the ®rst-order shear deformation theory (FSDT) for laminated elastic plates. It extends the kinematics of the CLPT by incorporating transverse shear strains that are constant through the thickness of the laminate. and extended the FSDT for thermal deformation and stresses. Various higher-order theories for the thermal analysis of laminated plates have been reported by Cho et al. (1989) , Reddy (1991, 1999) and Murakami (1993) . We refer the reader to Tauchert (1991), Noor and Burton (1992) , Jones (1975) and Reddy (1997) for a historical perspective and for a review of various approximate theories. The validity of approximate plate theories and ®nite-element solutions can be assessed by comparing their predictions with the analytical solutions of the three-dimensional equations of anisotropic thermoelasticity (Noor et al., 1994; Murakami, 1993; Ali et al., 1999) . Srinivas and Rao (1972) obtained a threedimensional solution for the¯exure of laminated, isotropic, simply supported plates. Tauchert (1980) gave exact thermoelasticity solutions to the plane-strain deformation of orthotropic simply supported laminates using the method of displacement potentials. Thangjitham and Choi (1991) gave an exact solution for laminated in®nite plates using the Fourier transform technique and the stiness matrix method. Murakami (1993) generalized the work of Pagano (1970) to the cylindrical bending of simply supported laminates subjected to thermal loads. Tungikar and Rao (1994) , Noor et al. (1994) and Reddy (1995, 1997) gave exact three-dimensional solutions for thermal stresses in simply supported anisotropic rectangular laminates. However, simply supported edge conditions are less often realized in practice, and they do not exhibit a well-known boundary layer/edge eects near clamped and traction-free edges. The accuracy of plate theories near and within the edge layer are yet to be carefully investigated.
The Eshelby±Stroh formalism (Eshelby et al., 1953; Stroh, 1958; Ting, 1996) provides exact solutions to the governing equations of anisotropic elasticity under generalized plane-strain deformations in terms of analytic functions. Recently, Batra (1999, 2000) adopted a series solution for the analytic functions to study the generalized plane-strain and three-dimensional deformations of laminated elastic plates subjected to arbitrary boundary conditions. Here, the method is extended to thermoelastic problems. The mechanical equilibrium and steady-state heat conduction equations are exactly satis®ed, and various constants in the general solution are determined from the boundary conditions at the bounding surfaces and continuity conditions at the interfaces between adjoining laminae. This results in an in®nite system of linear equations in in®nitely many unknowns. By retaining a large number of terms in the series, the solution can be computed to any desired degree of accuracy. The formulation admits dierent mechanical and thermal boundary conditions at the edges of each lamina and is applicable to thick and thin laminated plates. The procedure is illustrated by computing results for the cylindrical bending of thick laminated plates with edges either rigidly clamped, simply supported or traction-free and comparing them with the predictions of the CLPT and the FSDT.
Problem formulation
We use a rectangular Cartesian coordinate system, shown in Fig. 1 , to describe the in®nitesimal quasistatic thermoelastic deformations of an N-layer laminated elastic plate occupying the region 0Y L 1 Â ÀIY I Â 0Y L 3 in the unstressed reference con®guration. Here, x 1 and x 2 are the in-plane coordinates and x 3 , the thickness coordinate of the plate. Planes
describe, respectively, the lower bounding surface, the interface between the bottom-most and the adjoining lamina, the interfaces between abutting laminae, and the top bounding surface.
The equations of mechanical and thermal equilibrium in the absence of body forces and internal heat sources are (Carlson, 1972) 
where r jm are the components of the Cauchy stress tensor and q m , the heat¯ux. A comma followed by index m denotes partial dierentiation with respect to the present position x m of a material particle, and a repeated index implies summation over the range of the index. The constitutive equations for a linear anisotropic thermoelastic material are (Carlson, 1972) 
where C jmqr are the components of the elasticity tensor, e qr , the in®nitesimal strain tensor, b jm , the thermal stress moduli, T, the change in temperature of the material particle from that in the stress-free reference con®guration and j mr , the thermal conductivity tensor. The in®nitesimal strain tensor is related to the mechanical displacements u q by e qr 1 2 u qYr u rYq X
The mechanical and thermal equations are uncoupled in the sense that the temperature ®eld can ®rst be determined by solving Eqs. (1b) and (2b), and displacements u can then be found from Eqs. (1a) and (2a). Material elasticities are assumed to exhibit the symmetries C jmqr C mjqr C qrjm . Furthermore, the elasticity tensor and the thermal conductivity tensor are assumed to be positive de®nite. The displacement and/or traction components prescribed on the edges x 1 0 and L 1 Y and bottom and top surfaces x 3 0 and L 3 are presumed not to depend upon x 2 Y and are speci®ed as follows (Ting, 1996, pp 
respectively. The speci®cation of the boundary conditions at a simply supported edge, namely r 11 r 12 0Y u 3 0, is identical to that used by Pagano (1970) . The method is also applicable when the edges are elastically restrained or when the laminate is on an elastic foundation in which case the diagonal matrices need not satisfy Eq. (4). The thermal boundary conditions are speci®ed as
By appropriately choosing m s Y r s Ym s andr s in these equations, various thermal boundary conditions corresponding to the prescribed temperature, prescribed heat¯ux and exposure to an ambient temperature through a boundary conductance can be speci®ed. The interfaces between adjoining laminae are assumed to be perfectly bonded together and in ideal thermal contact, so that
Here, sut denotes the jump in the value of u across an interface. Since the applied loads are independent of x 2 Y the body is of in®nite extent in the x 2 direction, and material properties are uniform, we postulate that the displacement u and temperature T are functions of x 1 and x 3 only, and thus correspond to generalized plane deformation.
Thermoelasticity solution
The Eshelby±Stroh formalism (Eshelby et al., 1953; Stroh, 1958; Ting, 1996) provides a general solution for the generalized plane-strain deformation of an anisotropic elastic body. It was extended to anisotropic thermoelasticity by Clements (1973) , Wu (1984) and Hwu (1990) . The general solution satis®es the governing Eqs. (1a), (1b), (2a) and (2b) exactly and is in terms of arbitrary analytic functions. We assume an in®nite series expansion for each analytic function. Boundary conditions (3) and (5), and interface conditions (6) are used to determine the coecients in the series expansion. We construct a local coordinate system x n 1 Y x n 2 Y x n 3 with origin at the point where the global x 3 axis intersects the bottom surface of the nth lamina; the local axes are parallel to the global axes (Fig. 1) . The thickness of the nth lamina is denoted by
A general solution
In deriving a general solution of Eqs. (1a), (1b), (2a) and (2b) for the nth lamina, we drop the superscript n for convenience, it being understood that all material properties and variables belong to this lamina. Assume that
where
f and g are arbitrary analytic functions of their arguments, a, c, p and s are possible complex constants to be determined, and g H z s dgadz s . Substitution from Eq. (7) into Eq. (2) and the result into Eq. (1) gives (Ting, 1996) Dpa 0Y Dsc b 1 sb 3 Y j 33 s 2 j 13 j 31 s j 11 0Y
8aY bY c
The eigenvalue s depends on the components of the heat conduction tensor and satis®es the quadratic equations (8c). Since j ij is positive de®nite, s obtained by solving Eq. (8c) cannot be real (Clements, 1973; Ting, 1996) . We denote the root with positive imaginary part by s and its complex conjugate by " sX The eigenvalues p and their associated eigenvectors a are obtained by solving the eigenvalue problem (8a). Since C jmqr is a positive de®nite tensor, p cannot be real (Eshelby et al., 1953; Ting, 1996) . Therefore, there are three pairs of complex conjugates for pX Let
The vector c associated with the thermal eigenvalue s is obtained by solving the system of equations (8b). If the eigenvalues p a and s are distinct, a general solution of Eqs. (1) and (2) obtained by superposing solutions of the form (7) is
where f a a 1Y 2Y F F F Y 6Y g 1 and g 2 are arbitrary analytic functions, and z a x 1 p a x 3 X Substitution of Eq. (10) into Eq. (2) gives
The general solution (10) and (11) is also applicable when (a) there exist three independent eigenvectors a a even when the eigenvalues p a a 1±3 are not distinct, and (b) either s is not equal to one of the p's or, if s pY then Eq. (8b) can be solved for cX Anisotropic materials that do not satisfy these conditions are called degenerate thermoelastic materials. Isotropic materials are a special group of degenerate materials for which p a s iX Wu (1984) and Yang et al. (1997) have described how the general solution for degenerate materials can be constructed. Consider a degenerate material for which p 1 p 2 T p 3 Y s T p a and there is only one eigenvector a 1 associated with the double root p 1 . A second independent solution associated with the eigenvalue p 1 is u d dp 1 a 1 f 2 z 1 da 1 dp 1 f 2 z 1 a 1 df 2 z 1 dp 1 X 12
Here, da 1 adp 1 is obtained by dierentiating Eq. (8a):
D da 1 dp 1 dD dp 1 a 1 0X 13
Dempsey and Sinclair (1979) have proved the existence of a non-trivial solution for a 1 and da 1 adp 1 of Eqs.
(8a) and (13). Therefore, the general solution is
where a 2 da 1 adp 1 . The corresponding general solution for the stress tensor and the heat¯ux is obtained by substituting Eq. (14) into Eq. (2). It is important to note that, irrespective of whether the material is degenerate or not, there are eight arbitrary analytic functions, namely f a a 1Y 2Y F F F Y 6Y g 1 and g 2 X Our treatment of the degenerate case diers from that of Wu (1984) and Yang et al. (1997) only in one aspect, namely, we do not require f 2 z 1 f 1 z 1 as they do.
A series solution
Even though Eq. (10) satis®es Eq. (1) for all choices of the analytic functions f a Y g 1 and g 2 , a choice based on the geometry of the problem and boundary conditions can reduce the algebraic work involved. We select for the nth lamina
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The functions g 1 and g 2 are chosen as
where z s x 1 sx 3 and
The function expg ma z a in Eq. (15) varies sinusoidally on the surface x 1 0 of the nth lamina and decays exponentially in the x 1 direction. With increasing k, higher harmonics are introduced on the surface x 1 0 accompanied by steeper exponential decay in the x 1 direction. Similarly, functions expg ma l À z a , expk ka z a and expk ka p a h À z a vary sinusoidally on surfaces x 1 l, x 3 0 and x 3 h, respectively. In essence, single Fourier series in the x 1 and x 3 directions are superposed for each lamina to solve the problem. This idea of superposing single Fourier series dates back to Mathieu (1890) , who used it to analyze the plane strain deformation of a rectangular region of isotropic material subjected to arbitrary tractions on the boundaries. The inequality in (9a) ensures that all functions decay exponentially towards the interior of the lamina. The choices (15b) and (17b) for f a3 " z a and g 2 " z s ensure that the mechanical displacements, stresses, temperature change and heat¯ux are real valued. The functions involving m 0 and k 0 play the role of a constant term in the Fourier series expansion.
The unknowns v
s k s 1Y 3 are assumed to be complex for k T 0 and real when k 0X The superscript s indicates that the exponential function associated with the unknown has a sinusoidal variation on the surface x s constant. Substitution of Eqs. (15a), (15b), (17a) and (17b) into the general solution (10) and (11) results in the following expressions for the displacements and the temperature change for nondegenerate materials:
and conjugate stands for the complex conjugate of the explicitly stated terms. Expressions for stresses and heat¯ux are derived by substituting from Eq. (19) into Eq. (2). Our choice of analytic functions remains the same for a degenerate material, and the corresponding expressions for the displacement and the temperature change are obtained by substituting them into the appropriately modi®ed general solution. As an example, for the degeneracy considered earlier, the expressions for the displacements and the temperature are obtained by substituting Eqs. (15) and (17) into Eq. (14).
Satisfaction of boundary and interface conditions
Each lamina has its own set of unknowns v
These are determined from the interface continuity conditions and boundary conditions on all surfaces of the laminate by the classical Fourier series method.
Since the heat conduction problem is uncoupled from the mechanical problem, we ®rst determine the temperature ®eld by imposing the thermal boundary conditions on the four bounding surfaces of the laminate and the continuity of temperature and heat¯ux across the interfaces between the adjoining laminae. On the top surface x of the laminate, we extend the component functions de®ned over 0Y L 1 in Eq. (19b) to the interval ÀL 1 Y 0 in the x 1 direction. The functions exp f k z s and exp f k sh À z s that are sinusoidal in the x 1 direction are extended without modi®cation since they form the basis functions on this surface, except for exp f 0 z s and exp f 0 sh À z s that are extended as even functions since they represent the constant terms in the Fourier series representation. The functions exp n m z s and exp n m lÀ z s are extended as even functions since they vary exponentially in the x 1 direction. We multiply Eq. (5b) for s 3 by expjpix 1 aL 1 and integrate the result with respect to x 1 from ÀL 1 to L 1 to obtain
The same procedure is used to enforce the thermal boundary conditions (5a) and (5b) for the bottom surface, the edges and the interface thermal continuity conditions (6c) and (6d). Substitution of T and q into Eq. (20) and the other equations that enforce the thermal boundary and interface continuity conditions results in a nonstandard in®nite set of linear equations for the unknowns v
The mechanical boundary conditions (3) and interface continuity conditions (6a) and (6b) for the displacement and traction are also enforced in a similar manner. For example, the mechanical boundary conditions on the surface x 3 L 3 will give
Enforcing all the mechanical boundary and interface conditions will give another nonstandard in®nite set of linear equations for v The solution (19) indicates that the component functions decrease exponentially from the boundary/ interfaces into the interior of the nth lamina. By truncating the series, we have eectively ignored coecients with suces greater than a particular value and approximated the coecients which have small suces. Due to the rapid decay of component functions associated with large suces, the truncation of the series will not greatly in¯uence the solution at the interior points. A larger value of K 1 is expected to give a more accurate solution at points close to the boundary and interfaces. Note that the coecients v m are multiplied by g mÃ . However, the coecients of these terms in the expressions (19a) for displacements are unity. Since k kÃ and g mÃ increase as the suces k and m increase, the terms with large suces are more signi®cant for the stresses than for the displacements. Thus, the stresses will converge more slowly than the displacements. Once the coecients have been determined by satisfying the boundary and interface conditions, the displacements, stresses, temperature and heat¯ux for each lamina are obtained from Eq. (19).
Solutions from the CLPT and the FSDT
We assume the following uni®ed displacement ®eld:
where u 0 a x 1 are the displacements of a point on the bottom surface x 3 0 which was taken as the reference surface. The displacement ®eld of the CLPT is obtained by setting c 0 À1Y c 1 0 in Eq. (22), and that of the FSDT, also known as the Reissner±Mindlin plate theory, is obtained by taking c 0 0Y c 1 1X The functions / 1 and / 2 in the FSDT are the rotations of the normals about the x 2 and x 1 axes, respectively. The in®nitesimal strains associated with the displacement ®eld (22) 
23
The in-plane and transverse stresses for the nth lamina are related to the strains by the constitutive relationship: where " Q ij and a ij are the reduced elastic stinesses and thermal expansion coecients, respectively (Jones, 1975) .
The governing equations, obtained by using the principle of virtual work, are dN 11 dx 1 0Y dN 12 dx 1 0Y
where the resultants are de®ned by
and f is the distributed transverse mechanical load per unit length along the span. The parameter K that appears in the computation of the shear resultants Q a is called the shear-correction coecient. Although the shear-correction coecient depends on the laminate properties and the lamination scheme, we assume that K 5a6 which is widely used in the FSDT literature (Whitney and Pagano, 1970) . We assume the following boundary conditions for simply supported (S), clamped (C) and traction-free (F) edges:
Some of the boundary conditions in Eq. (27) will be identically satis®ed depending on our choice of c 0 and c 1 . The equilibrium equations (25) and boundary conditions (27) can be expressed in terms of the displacements and rotations by substituting Eqs. (23) and (24) into Eq. (26) and the result into Eqs. (25) and (27) . For the linear problem considered, we obtain a set of coupled linear ordinary dierential equations for the displacements and rotations with the associated boundary conditions at x 1 0Y L 1 . They are solved by using Mathematica for the displacements and rotations, and hence the stresses. In the CLPT, the interlaminar shear stresses r 13 and r 23 are identically zero when computed from the constitutive equation. However, these stresses and the transverse normal stress r 33 may be computed by using the equilibrium equation (1a) after the in-plane stresses r 11 Y r 12 and r 22 have been determined:
where it is assumed that the shear traction vanishes on the top and bottom surfaces. The transverse stresses thus obtained are continuous across the interfaces between adjoining laminae. The same procedure is employed for the FSDT since the transverse shear stresses obtained from the constitutive equations, although nonzero, may be discontinuous across the interfaces between adjoining laminae.
Results and discussion
We consider layers of unidirectional ®ber reinforced graphite±epoxy material, model each layer as orthotropic and assign the following values to its mechanical and thermal material parameters:
where E is the Young's modulus, G, the shear modulus, m, the Poisson's ratio, a, the coecient of thermal expansion, j, the thermal conductivity, and subscripts L and T indicate directions parallel and perpendicular to the ®bers, respectively. The material properties are identical to those used by Tauchert (1980) . For values given in Eq. (29), the nonzero components of the elasticity matrix C ijkl , thermal stress moduli b ij and heat conduction tensor j ij are listed in Table 1 for four dierent orientations of the ®ber with respect to the x 1 axis on the x 1 ±x 2 plane. The lamination scheme of the laminate is denoted by h 1 ah 2 a Á Á Á ah N Y where h n is the angle between the ®bers and the x 1 axis in the nth lamina ( Fig. 1 ) and all laminae are of equal thicknesses. In this section, we denote the thickness of the plate by H L 3 .
The edges x 1 0 and L 1 are either clamped (u 1 u 2 u 3 0), or traction-free with (r 11 r 12 r 13 0) or simply supported r 11 r 12 0Y u 3 0. The notation C±F denotes a plate that is clamped at x 1 0 and traction-free at x 1 L 1 , i.e. a cantilever laminate. The top surface x 3 H is subjected to the sinusoidal temperature increase
while the bottom surface and the two edges are maintained at the reference temperature. Since the temperature ®eld is assumed to be known in the CLPT and the FSDT, we substitute the temperature ®eld (19b) into Eq. (24). The surfaces x 3 0Y H are traction-free, i.e. r 3 x 1 Y 0 r 3 x 1 Y H 0X Thus, the stresses in the laminate are solely due to the temperature distribution applied on the top surface. We do not consider mechanical loads here since the deformation induced by them has been studied by Vel and Batra (2000) . For a linear problem, the results for combined mechanical and thermal loading can be obtained by superposition of the corresponding results. The problem of a simply supported laminate studied by Tauchert (1980) was analyzed by the present method with K 1 500 terms, and the two sets of results for the temperature, displacements and stresses were identical. The eect of truncation of the series on the accuracy of the solution is investigated for a 0 homogeneous C±S plate. Computed results for the displacements and stresses at speci®c points in the laminate are listed in Table 2 for L 1 aH 5. The following nondimensionalization has been used:
whereẽ is the normalized change in the thickness of the plate. The Table 2 shows that the values of the normalized displacements and stresses do not change upto third decimal place when K 1 is increased from 400 to 500 terms while reasonable accuracy may be obtained with 100 terms. The corresponding CLPT and FSDT solutions are listed for comparison. It should be noted that the present solution with just 50 terms gives substantially better results than those obtained with either the CLPT or the FSDT for stresses and displacements in a thick plate. Whereas the CLPT underpredicts the transverse de¯ection of the centroid of the laminate by 15X9%Y the FSDT overpredicts it by 7X6%. The CLPT and the FSDT overpredict the magnitude of the longitudinal stress r 11 by 17X9% and 12X5%, respectively. According to the 3-D theory, the change in the plate thickness at the midspan equals 150.8% of the de¯ection there. While k 0 and m 0 in Eqs. (16) and (18) were chosen to be 0X5 for this study, a similar convergence behavior was observed for other values of k 0 and m 0 .
Having established the convergence of the thermoelasticity solution, we plot and compare results from the present method with those obtained from the CLPT and the FSDT. The transverse de¯ection of the midplane of a 0 C±S homogeneous laminate for two dierent span-to-thickness ratios is depicted in Fig.  2(a) and (b) . For L 1 aH 5, the CLPT underestimates the magnitude of the midplane de¯ection and the FSDT overestimates it. The agreement between all three solutions is very good for L 1 aH P 20. For L 1 aH 5, the slope at the clamped edge of the de¯ection curve predicted by the FSDT and the 3-D theory are nonzero; however the two theories give dierent values of this slope. Fig. 2(c) and (d) show the throughthickness variation of the transverse displacement at the midspan of the plate. While the CLPT and the FSDT yield a constant value for u 3 through the thickness, the thermoelasticity theory predicts a nonlinear distribution. The CLPT and the FSDT underestimate the transverse de¯ection of the top surface by 66% and 56%, respectively for L 1 aH 5. The error reduces to 14% and 12%, respectively for L 1 aH 20. If an accurate solution for the transverse displacement is desired, then one should use higher-order plate theories which assume a quadratic or higher-order variation of the transverse displacement through the thickness and take the reference plane other than the midsurface of the plate. Otherwise, a full three-dimensional analysis of the equations of anisotropic thermoelasticity is recommended. Fig. 3 depicts the longitudinal variation of the transverse shear stress r 13 on the midsurface for three dierent combinations of boundary conditions and for span-to-thickness ratios of 5 and 10. When the edges are simply supported, the percentage error of the CLPT and the FSDT with respect to the thermoelasticity solution remains essentially the same at every point along the span of the plate. The percentage errors near the clamped and traction-free edges of a cantilever plate are signi®cantly larger than those at the midspan, as shown in Fig. 3(c) and (d) . This is due to the presence of boundary layers at the clamped and tractionfree edges. The width of the boundary layers may be equated with the distance from the edges x 1 0 or L 1 of the point, where the curvature of the curve r 13 vs. x 1 suddenly changes. This de®nition gives the boundary layer width as approximately 0X25L 1 and 0X08L 1 at the clamped and traction-free edges, respectively, for a cantilever plate with span-to-thickness ratio of 5. The boundary layer widths reduce to 0X15L 1 and 0X04L 1 , respectively when the span-to-thickness ratio equals 10. Thus, the boundary layer width Table 2 Convergence study for a 0 homogeneous graphite±epoxy C±S laminate subjected to thermal load,
1.4796 ± strongly depends upon the span-to-thickness ratio of the plate. There is a signi®cant discrepancy between the thermoelasticity solution and the predictions of the CLPT and the FSDT within the boundary layer. The longitudinal variation of the transverse shear stress for a C±S plate is depicted in Fig. 3 (e) and (f). Fig.  3(a) , (b), (e) and (f) reveal the absence of boundary layers at simply supported edges. The through-thickness variation of the transverse normal stress r 33 is shown in Fig. 4 for a C±S plate with the span-to-thickness ratio of 5. As is evident from Fig. 4(a) , the CLPT and the FSDT overestimate r 33 at the midspan. Fig. 4(b) depicts the through-thickness distribution of r 33 at the section x 1 0X1L 1 which is located near the clamped edge. Although the two plate theories give a tensile transverse normal stress, the thermoelasticity theory predicts it to be compressive. The through-thickness variation of the longitudinal stress is shown in The approximate plate theories show good agreement for r 11 with the thermoelasticity solution even within the boundary layers at the two edges. The longitudinal stress distribution for cross-ply simply supported laminates are not shown here since they are identical to those given by Tauchert (1980) . The transverse shear stress distribution at x 1 0X1L 1 for thick cross-ply antisymmetric and symmetric C±S laminates is depicted in Fig. 6 . Although the FSDT accounts for the transverse shear deformation, its prediction of the transverse shear stress is in considerable error near the clamped edge. The axial variation of the transverse shear stress on the midsurface of antisymmetric and symmetric cross-ply laminates is given in Fig. 7(a) and (b) . The midsurface coincides with the interface in the case of the [0/90] laminate. The transverse shear stress in this case exhibits severe oscillations at points on the interface between the 0 lamina and the 90 lamina that are near the clamped edge. This may be due to the presence of a singularity in the stress ®eld at the point 0Y H a2 where two right-angle wedges of dierent materials meet. The existence of a singularity can be con®rmed only by performing an asymptotic analysis (Ting and Hwu, 1991) . The high-frequency oscillation in the transverse shear stress is associated with component functions involving large values of the index k in the series solution (19a,b) . Due to our choice of basis functions in Eqs. (15a) and (15b) that exponentially decay towards the interior of each lamina, the high-frequency oscillations decay very rapidly away from the interfaces. In the beam theories, the traction-free boundary conditions at the edge x 1 L 1 are not satis®ed pointwise but on the average, i.e., the resultant force there vanishes. In the present thermoelasticity solution, the longitudinal stress vanishes at all points on the surface x 1 L 1 . The corresponding transverse shear stress on the midplane of clamped simply supported laminates is given in Fig. 7 (c) and (d). In this case too, the oscillations are present at points on the interface between the adjoining laminae that are near the clamped edge. Fig. 8 (a) and (b) depict the throughthickness distribution of the transverse shear stress r 23 for antisymmetric and symmetric angle-ply C±S laminates. The corresponding plots of the displacement u 2 are given in Fig. 8(c) and (d) . The thermoelasticity solution exhibits a highly nonlinear through-thickness behavior for u 2 . The predictions from the CLPT and the FSDT that can at best represent an ane behavior for u 2 are in considerable error. Numerical results for 2-ply and 3-ply laminates subjected to various boundary conditions are given in Tables 3 and 4 . They can be used to compare predictions from various plate theories and ®nite-element solutions. 
Conclusions
We have used the Eshelby±Stroh formalism to study the generalized plane strain thermoelastic deformations of anisotropic thick laminated plates subjected to arbitrary mechanical and thermal boundary conditions at the edges. The three-dimensional equations of quasi-static, linear, anisotropic thermoelasticity simpli®ed to the case of generalized plane strain deformations are exactly satis®ed at every point in the body. The analytical solution is in terms of an in®nite series; the continuity conditions at the interfaces and boundary conditions on the bounding surfaces are used to determine the coecients.
Results for a thermal load applied on the top surface are presented for antisymmetric and symmetric cross-ply and angle-ply laminated plates with clamped, traction-free or simply supported edges. Our computed results for simply supported plates agree with those of Tauchert. The thermoelasticity results are compared with the predictions of the classical laminated plate theory and the ®rst-order shear deformation theory. The thermoelasticity solution depicts a quadratic through-thickness variation of the transverse displacement. For a single layer 0 homogeneous cantilever laminate of thickness 0X2L 1 , the longitudinal distribution of the transverse shear stress exhibits boundary layers of width 0X25L 1 and 0X08L 1 at the clamped and traction-free edges, respectively, where L 1 equals the span of the plate. We note that the width of the boundary layer will generally decrease with an increase in the value of L 1 aH . The transverse shear and transverse normal stresses computed from the CLPT and the FSDT exhibit signi®-cant errors near the clamped and traction-free edges where the in¯uence of the boundary layer is signi®cant. The CLPT and the FSDT give good results for the longitudinal stress. In the case of angle-ply laminates, the FSDT and the CLPT are not able to capture the complicated through-thickness behavior of the displacement u 2 .
The computed results prove the versatility of the proposed technique for obtaining accurate stresses for thick laminates subjected to various boundary conditions. The tabulated results presented herein should help establish the validity of various plate theories.
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